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Energy  balance  studies  with  large  animals  by  means  of  open-circuit  in- 
direct calorimetry  require  an  exact  knowledge  of  total  intake  of  feeds  and 
oxygen  and  total  excretion  of  fecal  and  urinary  constituents,  carbon  dioxide 
and  methane.    The  quantitative  measurement  of  gaseous  exchange  requires  the 
measurement  of  the  volume  of  the  exhaust  gas  from  a  respiration  chamber  and 
correcting  it  for  changes  in  temperature,  barometric  pressure  and  relative 
humidity.    The  conventional  means  of  obtaining  this  data  has  necessitated 
the  presence  of  an  operator  21;  hours  a  day  to  read  the  gas  meters,  the  wet 
and  dry  bulb  thermometers  and  mercurial  barometer. 

One  of  the  major  reasons  that  extensive  studies  on  the  energy  metabolism 
of  cattle  have  not  been  conducted  in  the  past  has  been  the  excessive  amount 
of  labor  required  in  collecting  and  analyzing  the  data.    The  extreme  slowness 
in  which  data  were  accumulated  from  respiration  trials  and  the  excessive  cost 
of  equipment  also  contributed  toward  discouraging  individual  research  workers 
as  well  as  research  and  educational  institutions  from  engaging  in  this  field 
of  research.    The  use  of  automatic  recording  equipment  to  collect  data  and 
electronic  computers  to  make  the  necessary  computations  would  not  only  reduce 
the  labor  requirement  for  conducting  respiration  trials,  but  in  many  cases 
could  result  in  greater  accuracy  than  could  be  obtained  by  manual  means;  The 
immense  number  of  observations  and  computations  involved  in  each  experiment 
are  subject  to  human  error  which  .could  be  avoided  by  means  of  automation. 

Six  open-circuit  (Pettenkofer)  respiration  chambers  for  mature  dairy 
cattle  have  been  constructed  in  the  Energy  Metabolism  Laboratory,  Nutrition 
and  Physiology  Section,  Dairy  Cattle  Research  Branch,  Animal  Husbandry  Re- 
search Division,  Agricultural  Research  Center,  U.S.D.A.,  Beltsville,  Maryland. 
Automatic  instrumentation  to  record  at  regular  intervals  the  data  required 
for  the  measurement  of  respiratory  exchange  has  been  developed,  installed  and 
calibrated.    The  equipment  consists  of  various  sensing  elements,  a  strip  chart 
multipoint  recording  potentiometer,  a  shaft  position  encoder,  control  chassis, 
an  automatic  typewriter,  IBM  printing  card  punch,  and  IBM-APR  console.  These 
components  are  described  in  detail  below. 
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IBM-APR  System  -  The  IBM-APR  (International  Business  Machines  -  Auto— 
matic  Production  Recording)  system  consists  of  a  console  (Model  96OO)  con- 
taining a  programmer,  commutator  clock,  2  counter  sections,  an  elapsed  timer, 
2  remote  control  units,  a  console  printer  (Automatic  Typewriter  $10)  and 
printing  card  punch  (Model  520)  •    The  system  was  designed  to  record  and 
identify  various  parameters  required  in  measuring  the  energy  metabolism  of 
dairy  cattle.    The  system  operates  on  a  time  basis,  with  the  record  period 
being  0.10  hour  (6  minutes),  but  the  interval  may  be  changed  to  shorter  or 
longer  periods  if  desired.    Control  of  the  readout  is  furnished  by  the 
commutator  clock.    At  the  end  of  each  six-minute  period,  all  parameters  are 
recorded  simultaneously  on  a  typewritten  record  and  as  a  punched  card  and 
all  counters  are  reset.    The  infornation  recorded  each  time  for  each  of  the 
chambers,  and  the  order  in  which  they  are  typed  and  punched,  is  as  follows: 

1.  Respiration  chamber  number 

2.  Time  of  day  in  hours  and  hundredths  of  hours 

3.  Date  as  month,  day  and  year 
U.  Operator  number 

5>.  Ventilation  recording  unit  number 

6.  Animal  number 

7.  Period  number 

8.  Animal  weight  in  kilograms 

9.  Trial  number 

10.  Experiment  number 

11.  Number  of  animal  position  changes  within  the  o^minute  period 

12.  Elapsed  animal  standing  time  within  the  6-minute  period 

13.  Volume  of  exhaust  gas  from  meter  No.  1  measured  as  number  of  com- 

plete revolutions  of  the  bellows  shaft  of  the  gas  meter 
Hi.    Volume  of  exhaust  gas  from  meter  No.  2  measured  as  number  of  com- 
plete revolutions  of  the  bellows  shaft  of  the  second  gas  meter 

15.  Index  number  from  the  recording  potentiometer  (Recorder  Point  #1) 

16.  Barometric  pressure  of  the  room  (Recorder  Point  #2) 

17.  Relative  humidity  of  the  chamber  (Recorder  Point  #3  or  #U) 

18.  Relative  humidity  of  the  exhaust  gas  (Recorder  Point  #5  or  #6) 

19.  Temperature  (°C)  of  the  chamber  (Recorder  Point  #7  or  #8) 

20.  Temperature  (°C)  of  the  exhaust  gas  (Recorder  Point  #9  or  #10) 

21.  Check  point  to  verify  the  recorder  readings 

The  data  for  the  first  ten  items  except  for  the  time  of  day  are  entered 
by  means  of  rotary  switches  on  the  console  control  unit  and  the  remote  control 
units.    These  points  represent  relatively  constant  numerical  data  and  are  intro- 
duced manually.    Position  change  signals  are  received  from  a  photo  relay  mounted 
in  each  respiration  chamber.    When  an  animal  stands,  it  breaks  a  beam  of  light 
from  a  photo  relay  (Detect-0-Ray  Model  L-162C)  and  a  contact  closure  is  made. 
This  is  counted  by  a  counter  in  the  IBM  and  a  timer  is  started,  which  continues 
to  operate  until  the  animal  lies  down. 
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The  total  volume  of  exhaust  gas  drawn  from  the  respiration  chamber  is 
measured  by  counting  the  number  of  complete  revolutions  of  the  bellows  shaft 
of  each  gas  meter.    A  microswitch  mounted  on  the  bellows  shaft  of  each  meter 
produces  the  signal  which  is  accumulated  by  a  counter  in  the  IBM,  and  for 
each  six-minute  period  the  total  is  printed  and  punched. 

Items  15>  through  21  are  obtained  by  means  of  a  10  point,  3  range  strip 
chart  recording  potentiometer  (Modified  Bristol  Model  lQRB570-T38X-Tl|8-T17) 
with  a  Giannini  Datex  (Ili300  Series,  No.  C-109)  Encoder,  a  Control  Chassis 
(Datex  K-15U)  and  the  appropriate  sensing  elements  to  measure  temperature, 
barometric  pressure  and  relative  humidity.    The  shaft  position  of  the  recorder 
when  a  point  is  printing  is  measured  by  the  Giannini  Datex  Encoder.    The  En- 
coder is  coded  over  an  angular  travel  of  336°,  exactly  corresponding  to  the 
full  scale  angular  travel  of  the  shaft.    In  this  manner  analog  information 
is  translated  to  a  digital  number  presentation,  in  binary  form.   A  control 
chassis  translates  the  binary  digits  into  a  decimal  digital  readout,  which 
is  required  for  operation  of  the  IBM  card  punch  and  typewriter.    The  result- 
ing data  is  coded  and  printed  as  digits  between  000  and  999.   The  points  on 
the  recording  potentiometer  and  the  variables  measured  are  as  follows: 

1.  Index  point  $0? 

2.  Barometric  pressure  of  the  room  (710  -  810  mm.  Hg  ) 

3.  Relative  humidity  of  chamber  A  ( 51-88$  or  U0-99$) 
U.   Relative  humidity  of  chamber  B  (51-88$  or  1+0-99$) 

5.   Relative  humidity  of  exhaust  gas  from  ventilation  recording  unit 
No.  1.    Range  varies  with  sensing  element  used  as  follows: 


Hygrometer  Identifying  Range  of  Relative 

No.  Color  Humidity  at  26.7°C 


k-U8l6  Red  11-23* 

£-1*817  Orange  18-33$ 

U-U818  Yellow  26-1*2$ 

U-1&819  Green  kl-6l% 

U-U820  Blue  5l-7i*$ 

U-U821  Violet  68-88$ 

U-U822  Gray  81-99$ 


6.  Relative  humidity  of  exhaust  gas  from  ventilation  recording  unit 

No.  2    (Range  varies  with  sensing  element  the  same  as  on  point  #5) 

7.  Temperature  of  chamber  A  (l5-25°C) 

8.  Temperature  of  chamber  B  (l5-2$°C) 

9.  Temperature  of  exhaust  gas  from  ventilation  recording  unit  No.  1 . 

(1$-25°C) 

10.    Temperature  of  exhaust  gas  from  ventilation  recording  unit  No.  2 
(15-25°C) 


-  k  - 

A  standard  resistance  is  fixed  in  the  recorder  in  the  No.  1  position  to 
act  as  an  index  point.    This  signal,  when  received  by  the  IE&M.FR,  indicates 
whether  the  recording  equipment  is  operating  properly.    If  the  value  is  be- 
tween $00  and  $09  a  verifying  X  is  printed  and  punched,  but  outside  this 
range  the  values  are  printed  in  red  and  no  X  is  punched  into  the  card. 

Barometric  Pressure  -  The  sensing  element  which  measures  the  barometric 
pressure  of1  the  room  is  a  Statham  Pressure  Transducer  (Model  No.  PA11TCF-1.5- 
350),  with  a  pressure  range  of  0  to  1.5  psi  absolute.    The  range  710-780  mm. 
Hg  was  obtained  by  hanging  a  weight  (1758  grams)  to  the  strain  sensitive  re- 
sistance wire  element  to  balance  atmospheric  pressure.    The  system  is  temper- 
ature compensated,  thus  eliminating  the  necessity  of  corrections  for  changes 
in  temperature.    Calibration  was  accomplished  by  comparing  the  recorded  value 
with  the  atmospheric  pressure  measured  with  a  mercurial  barometer.  Each 
mercurial  barometer  reading  was  corrected  for  temperature  and  gravity  and 
then  used  in  the  calculation  of  a  regression  formula  to  convert  the  coded 
value  to  mm.  Hg.    A  total  of  199  values  covering  the  observed  range  of  737 • 7- 
778.7  mm.  Hg  (368-936  coded  value)  during  a  six-month  period  were  used  to 
obtain  the  following  formula:    Y2  ■  710.71*7  +  0.07275  X.    Y2  is  the  barometric 
pressure  of  the  room  in  mm.  Hg  and  X  is  the  coded  IBM  value.    This  value  is 
then  used  in  the  calculations  to  correct  the  gas  volume  to  760  mm.  Hg,  dry  gas, 
0°C. 

Relative  Humidity  -  Relative  humidity  measurements  of  the  respiration 
chambers  and  exhaust  gas  are  accomplished  by  means  of  Aminco-Dunmore  Electric 
Ifygrometer  sensing  elements.    These  elements  consist  of  a  polystyrene  cylinder, 
a  dual  winding  of  palladium  wire,  a  coating  of  moisture  sensitive  compound 
(lithium  chloride)  3nd  plug-in  contact  pins.    Limited  range  elements  are  used 
in  the  exhaust  gas  line,  and  they  may  be  changed  to  obtain  the  proper  range 
under  a  given  set  of  conditions.    The  majority  of  the  values  obtained  to  date 
have  fallen  between  55  and  65$  relative  humidity,  which  could  be  measured  by 
either  the  green  (U-U819)  or  blue  (U-U820)  elements.    It  was  found  that  the 
relative  humidity  of  the  respiration  chambers  was  subject  to  much  wider 
fluctuations,  so  dual  and  multiple  sensing  elements  were  installed  in  the 
chambers.    The  elements  are  similar  in  operation  to  those  described  for  ex- 
haust gas  measurements  except  that  the  relative  humidity  range  that  can  be 
measured  is  wider,  being  51-88?  for  the  dual  element  (Aminco  No.  U-U776) 
and  1*0-99$  relative  humidity  at  26.7°C  for  the  multiple  sensing  element 
(Aminco  No.  U-1|785)»    The  formula  that  is  used  to  convert  the  coded  data 
into  per  cent  relative  humidity  varies  with  the  element  being  used  and  the 
range  being  measured.    Examples  of  formulae  are  as  follows: 

T3&li  (8593  &  859U  at  26.7°C,  000-U99)  ■  50.77k  +  0.030k  X 

T3&U  (8593  &  859U  at  26.7°C,  500-999)  -  Uw33U  +  0.01*67  x 

Y3&1|  (8605  &  8606  at  26.7°C,  000-299)  -  38.0U7  +  0.0296  X 

Y3&1*  (8605  &  8606  at  26.7°C,  300-999)  *  25.U98  +  0.07U9  X 

T5  (G87198  at  26.7°C,  000-699)  -  U0.826  +  0.01673  X 


-  5  - 


5 

(G87198 

at 

26.7°C, 

700-999) 

s 

22.37  +  O.0L1O8  X 

*5 

(B87772 

at 

26.7°C, 

000-199) 

B 

So. 050 

+ 

0.0315 

X 

Yc" 

(B87772 

at 

26.7  C, 

200-699) 

8 

53.378 

+ 

0.01I18 

X 

Yc? 

(B07772 

at 

26.7  C, 

700-999) 

S 

37* 615 

+ 

0.0360 

X 

Ya 

(Go7iyy 

at 

26.7  C, 

000-199) 

B 

39.656 

+ 

0.0121 

X 

(G87199 

at 

26.7°C, 

200-699) 

B 

U0.735 

+ 

0.0159 

X 

x6 

(G87199 

at 

26.7°C, 

700-999) 

a 

52.877 

+ 

0.0352 

X 

y6 

(B87773 

at 

26.7°C, 

000-199) 

B 

i*9.55o 

+ 

0.0315 

X 

*6 

(B87773 

at 

26.7°C, 

200-699) 

8 

52.878 

+ 

0.011*8 

X 

*6 

(B87773 

at 

26.7°G, 

700-999) 

S 

37.115 

+ 

0.0360 

X 

In  each  of  these  formulae  Y  is  per  cent  relative  humidity  at  26.7°C$ 
X  is  the  recorded  coded  value;  the  first  subscript  is  the  point  number  of 
the  recorder;  and  the  figures  in  the  parentheses  are  the  element  identi- 
fication, temperature,  and  coded  value  range  for  which  the  formula  is  most 
appropriate.    Each  relative  humidity  value  thus  obtained  is  corrected  for 
temperature  by  multiplying  26.7  minus  the  appropriate  temperature  by  the 
change  in  relative  humidity  per  degree  centigrade  in  that  range  and  adding 
or  subtracting  it  from  the  calculated  Y.    Aqueous  vapor  pressure  may  then  be 
found  by  multiplying  the  per  cent  relative  humidity  by  the  mm.  Hg  vapor 
pressure  at  saturation  at  that  temperature.    Aqueous  vapor  pressure  at  satu- 
ration at  different  temperatures  may  be  found  in  psychrometric  tables 
(Zimmerman  and  Lavine,  19U5;  Carpenter,  19^8$  Swift  and  French,  195U)  or  may 
be  calculated  with  a  reasonable  amount  of  accuracy  using  the  following  formula: 

Yse  »  1.0951  X  -  U.101 

Yse  is  the  aqueous  vapor  pressure  at  saturation  in  mm.  Hg  at  X  °C  and  X 
is  the  dry  bulb  temperature  in  °C.    This  formula  was  calculated  from  values 
obtained  from  tables  of  Zimmerman  and  Lavine  (19ii5)  within  the  ranges  of  15.0 
to  25.0°C  and  would  not  be  appropriate  outside  this  range.    A  curvilinear  re- 
gression formula  would  give  a  sligitly  better  fit  than  the  linear  value  shown 
above,  but  the  improvement  in  precision  in  this  narrow  range  is  somewhat 
doubtful. 

Temperature  -  The  sensing  elements  for  measuring  the  temperature  of  the 
exhaust  gas  are  nickel  resistance  thermometers  with  fittings  for  installation 
in  the  1.5  inch  pipe  line  connecting  the  two  gas  meters  on  each  ventilation- 
recording  unit.    The  temperature  range  is  from  15  to  25°C,  with  each  division 
on  the  recorder  chart  being  equivalent  to  0.1°C.    Each  element  was  calibrated 
by  immersion  in  a  circulating  water  bath  and  comparing  the  IBM  readout  with 
manual  readings  of  the  bath  temperature  using  a  mercury  bulb  thermometer.  The 
thermometer  was  a  Parr  thermometer  which  had  been  used  with  the  bomb  calori- 
meter and  could  be  read  within  0.01°F.    The  elements  were  all  found  to  be 
linear  in  the  15-25°  range  and  regression  formulae  were  calculated. 


Y9  (2l£6-B)  -  l$.00li  +  0.0101  X 
*10  (2U25-B)  ■  15,066  +  0.0100  X 

T  is  the  temperature  in  *C  and  X  is  the  IBM  readout. 

The  chamber  temperature  elements  could  not  be  immersed  in  water,  so 
they  were  calibrated  by  placing  element  2i*25-B  (Y^q)  in  each  chamber  for  a 
period  of  several  days  during  which  time  the  temperatures  were  recorded 
continuously  and  the  chamber  interior  heated  with  a  circulation-type  heater 
or  cooled  with  a  room  air  conditioner.    The  resulting  formulae  were  as 
follows: 

T7  (8593)  -  15.197  +  0.0100  X 
T8  (859li)  -  15.159  +  0.0100  X 

Y  is  the  temperature  of  the  chamber  in  °C  and  X  is  the  IBM  readout. 

Data  Readout  -  A  signal  from  the  IBMWLFR  system  starts  the  recording 
potentiometer  at  the  end  of  each  six-minute  period.    The  ten  points  are  re- 
corded, and  the  recorder  idles  until  another  signal  is  received.    For  each 
six-minute  period,  the  recorder  passes  through  two  complete  ten  point  cycles. 
Chamber  A  and  the  primary  mobile  test  stand  (ventilation  recording  unit  No.  1) 
are  recorded  in  the  first  pass,  and  Chamber  B  and  the  secondary  stand  (unit 
No.  2)  are  recorded  in  the  second  pass.    Therefore,  on  the  typewritten  record 
on  the  first  line  points  1,2,3,5,7,9  are  printed,  which  correspond  to  Chamber  A 
and  unit  No.  1,  and  on  the  second  line  points  1,2,U,6,8,10  are  recorded  for 
Chamber  B  and  ventilation  recording  unit  No.  2. 

The  typewritten  record  is  used  for  preliminary  calculations  and  continuous 
check  on  the  recording  system.    Most  of  the  routine  calculations,  however,  are 
made  by  an  electronic  data  processing  machine  from  the  punched  card  data. 

Summary  -  Automatic  recording  equipment  for  use  with  open-circuit 
respiration  chambers,  particularly  in  studies  on  the  energy  metabolism  of 
dairy  cattle,  has  been  described.    The  instrumentation  for  measuring  total  gas 
flow,  temperature,  relative  humidity,  barometric  pressure,  animal  position 
changes  and  related  information  has  been  developed  to  reduce  the  labor  and 
time  required  to  conduct  respiration  trials  with  large  animals.    The  equipment 
consists  of  a  strip  chart  multipoint  recording  potentiometer  with  a  shaft 
position  converter  and  translation  unit  to  transmit  data  from  sensing  elements 
in  digital  form  to  an  automatic  typewriter  and  IBM  card  punch  at  regular  pre- 
determined intervals.    A  pressure  transducer  with  a  counter  poise  to  balance 
atmospheric  pressure  is  used  to  measure  barometric  pressure,  the  temperature  is 
measured  with  nickel  resistance  bulbs,  and  relative  humidity  is  determined 
with  electric  hygrometers.    From  coded  data  obtained  by  this  means  the  total 
exhaust  gas  may  be  corrected  to  standard  temperature  and  pressure  (0°C, 
760  mm.  Hg,  dry  gas)  by  the  use  of  an  electronic  computer. 
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